The effect of silver carp (Hypophthalmichthys molitrix Val.) feeding activity on the plankton communities in a high-rate pond technology system (HRPTS) effluent was investigated over a period of 100 days. The experiment was conducted at the experimental wastewater treatment plant of the Agronomic and Veterinary Medicine Institute (AVI) of Rabat, Morocco, using a HRPTS in a fish pond receiving the plant effluent. The effluent was highly dominated by phytoplankton (99.95%).
Introduction
The wastewater treatment plant of AVI is an experimental pilot plant using the high-rate pond technology system (HRPTS) . It was built in 1997 with the goal of obtaining results that could be used to design large-scale HRPT plants and that effluents could be exploited efficiently for irrigation. The El Attaouia HRPTS project, supported by the USAID and El Attaouia Municipality, treats a mean flow rate of 700 m 3 day -1 of domestic sewage and was carried out in 2002 based on the AVI prototype.
The HRPTS is a very efficient wastewater treatment system (the removal rate of fecal coliforms is 4 logarithmic units) . The high phytoplankton production that occurs in this system enhances degradation of organic matter, but the high algal biomass concentration in the effluent causes plugging problems when the effluent is reused in drip irrigation systems.
Silver carp is the species most used for plankton control in eutrophic lakes (Leventer and Teltsch 1990; Barry and Costa-Pierce 1992) . This fish is a versatile omnivorous species (Bitterlich and Gnaiger 1984) , so it is able to significantly reduce phytoplankton and zooplankton (Kajak et al. 1975) . The specialized gill apparatus and digestive tracts are adapted to a phytoplanctivorous diet (Cremer and Smitherman 1980; Li 1991; Hampl et al. 1983; Bitterlich 1985a; Domaison and Devaux 1999) so silver carp could be used to reduce phytoplankton and zooplankton concentration in the HRPTS effluent.
The aim of this work was to determine the diet of silver carp in a fish pond receiving a HRPTS effluent and its impact on plankton removal from the effluent by following the plankton progress in the fish pond and in the digestive tract of the fish.
Materials and Methods

Wastewater Treatment Plant of Agronomic and Veterinary Medicine Institute (AVI)
The wastewater treatment plant of AVI treats wastewater collected from the AVI campus with a mean flow rate of 63 m 3 day -1 . The system consists of anaerobic treatment followed by aerobic treatment. The anaerobic system is constituted of two units with two covered ponds in series, of a total capacity of 126 m 3 and a retention time of 1 day. The aerobic system is made up of an algal high-rate pond (AHRP) followed by two maturation ponds in series. The AHRP has an area of 960 m 2 , a depth of 0.5 m, and a retention time of 4.6 days. The maturation ponds that receive the AHRP at the inflow and at the downstream part of the fish pond, at six depths (0, 20, 40, 60, 80 and 100 cm) . The fish pond bottom samples were collected at the upstream, the downstream and the middle of the fish pond. Sampling of the aforementioned depths and the bottom was done using an aquarium water pump. At the end of the sampling operation, all samples of the inflow were mixed to obtain an "inflow composite sample" (inf). All samples collected in the fish pond at different depths were mixed to obtain a fish pond composite sample (p) and all samples of the pond bottom were mixed to obtain a "bottom composite sample."
The physical and biological parameters analyses were completed on the three composite samples. The following water parameters were measured: total suspended solids (TSS), total biomass, phytoplankton and zooplankton. The TSS were determined using a filtration method at 105°C using Wathman GF/C filters. The wet weight (w.w.) of the total biomass (B) was calculated according to the formula B = TSS.100(100-H) -1 where H was the relative humidity of algae (H = 93% was determined according to Rodier [1996] ). Plankton was identified and counted on an optical microscope (Olympus). The plankton was determined using the manuals of Bourrely (1966 Bourrely ( , 1968 Bourrely ( , 1970 and Cox (1981) . The cells and body counts of phytoplankton and zooplankton were completed using Thoma and Rosenthal cells, respectively.
Before introducing the fish into the pond, the same parameters were followed fortnightly in the pond without fish from January to July 2000 (control pond). The pond flow rates were 4.3 m 3 day -1 from January to June and 9 m 3 day -1 in July. Sampling and physicobiological analyses were completed in the same method as in the fish pond.
Fish sampling. Fish were sampled four times during the study period one day after water sampling. One hundred silver carp and 40 grass carp were caught in the morning using a fishing net, weighed and measured. Six silver carp were retained for digestive tract analysis and the remaining fish were put back in the fish pond.
Silver carp gut content and feces analysis.
The fish were sacrificed, digestive tracts were removed, weighed and the length of the intestines were measured. The intestines were gutted and their contents were weighed and homogenized in 100 mL of 1% formaldehyde solution to immobilize the plankton. Feces were collected using a strainer with a 1-mm mesh and diluted in 100 mL of 1% formaldehyde solution. The gut contents and fecal samples were immediately examined using an optical microscope. The qualitative and quantitative composition of plankton were determined in the same manner as the water samples.
Calculation methods of measurement parameters. The algal species concentration in the samples (cj) is: cj (cell effluent have a total area of 170 m 2 , a depth of 1 m, and a total retention time of 1.4 days. The fish pond is situated downstream of the plant and has an area of 26 m 2 and a depth of 1.2 m.
Fish culture. Fingerlings of silver carp (Hypophthalmichthys molitrix Val.) (582) and grass carp (Ctenopharyngodon idella Val.) (145) of a mean weight of 1 to 3 g were brought from the Carp Culture Plant of Deroua of Beni Mellal and introduced in the fish pond in March 2001. Grass carp were introduced in the fish pond with the aim of reducing development of filamentous Cyanophycae on the pond sides. The fish pond received freshwater during the first 15-day acclimation period, to permit the fish to overcome the stress caused during transport. The pond was treated with green malachite (0.1 g m -3 ) because the grass carp were infected with Saprolenia during transport. The Saproleniose caused 47% mortality of grass carp during the first days following fish introduction, while the silver carp mortality rate remained very low (6%). Then, to adapt the fish to the HRPTS effluent, well water was progressively replaced by this effluent during a second 15-day acclimation period. During the whole acclimation period, silver carp grew to 13 g while grass carp grew to only 2.3 g.
The experiment was carried out from April to July 2001, using 548 and 76 silver and grass carp fingerlings, respectively. The inflow rate of the fish pond (HRPTS effluent) was 4.3 m 3 day -1 from April to June and 9 m 3 day -1 in July. At night, the fish pond was mechanically aerated to avoid anoxy. The physicochemical characteristics of the fish pond are summarized in Table 1 . No supplementary food was applied to the fish pond during the study period.
Physical and biological parameters analysis of the pond water. The fish pond was sampled four times during the study period from April to July 2000. Water sampling was conducted every two hours between 8:00 and 18:00, L -1 ) = nj 10 9 /64, where nj is the number of the j species counted on the Thoma cell. The zooplankton species concentration in the samples (cj) is: cj (body L -1 ) = nj 10 7 /32, where nj is the number of the j species counted on the Rosenthal cell.
The percentage (relative frequency) of a j species (Fj) versus total phytoplankton or zooplankton is: Fj = nj 100N -1 , where nj is the number of cells or bodies of the j species and N is the number of cells or bodies of total phytoplankton or zooplankton.
The biomass (B) or plankton (P) net-removed load in the fish pond per unit of pond volume (NRLv) (daily net load of biomass or of plankton removed from the fish pond per m 3 of pond water) is: NRLv = (cinf -cp) fl v -1 , where cinf and cp are the inflow and the fish pond concentrations, respectively, and fl and v are the fish pond inflow rate and volume (v = 31 m 3 ).
The B or P net-removal load in the fish pond per unit of silver carp load (NRLf) (the daily net load of biomass or plankton removed from the fish pond corresponding to a silver carp load of 1 kg) is: NRLf = NRLv v W -1 , where W is the total load of silver carp in the fish pond.
The B or P net-removal rate in the fish pond (NRR) is: RR(%) = (cinf -cp) 100 cinf -1 .
The mean daily sedimentation rate estimated in the control pond was approximately 25% of biomass load entering the pond (unpublished). The total daily biomass added by plankton multiplication (BPM) in the control pond, mainly due to primary productivity was calculated using the equation:
where TBLp is the total biomass load in the control pond, TSBLp is the total settled biomass load in the pond and TBLinf is the total inflow biomass load (BPM = 6.541 kg wet weight of biomass day -1 ) (unpublished). The biomass intake rate by silver carp (BINR) (the daily load of biomass consumed by silver carp of a load of 1 kg) is: BINR = BNRLf + BPM W -1 . The plankton intake rate by silver carp (PINR) is: PINR = (PNRLf) BINR BNRLf -1 . The condition factor (Beckman 1948) (CF) is CF = w 10 5 L -3 , where w and L are the silver carp individual weight and length, respectively. The intestine index (Iint) is Iint = lint L -1 where lint is the length of the intestine. The specific intestine weight (IWs) is IWs = wint 100 w -1 , where wint is the weight of intestine. The total abundance of the j species in the gut contents (Nintj) is: Nintj = cj vs, where cj is the concentration of the j species in the sample and vs (vs = 100 mL) is the sample volume. The density of the j species versus the body weight of silver carp (Dj) and versus the gut contents weight (dj) are: Dj (cell or body kg -1 of fish) = Nintj w -1 and dj (cell or body g -1 of gut contents) = Nintj wint -1 . The index of electivity of the j species (Ej) (Ivlev 1961 ) is: Ej = (Fjf -Fjp) 100 (Fjf + Fjp) -1 , where Fjf is the relative frequency of the j species in the digestive tract of silver carp and Fjp is the relative frequency of the same species in the fish pond.
Results
Fish Production
The silver carp production results are summarized in Table 2 . In 100 days, the production was 37 kg (fish taken from the pond are not included), with a daily growth rate of 0.6 to 1.8 g weight and 1 to 1.3 mm length. The increase in body weight was 8%. The mean condition factor was equal to 1. The mortality occurred on June 3 (12%), as a consequence of a DO decline to 1 mg L -1 at night. To avoid this problem, the number of silver carp was reduced to 12 fish per m 3 .
The grass carp initial load was highly reduced by mortality (47%) due to infection by Saprolenia in the first days of the acclimation period. The low growth rate and the high mortality rate (46%) during the study period involved a low increase of the load (0.31 to 1.9 kg) (Table 3) , so it remained negligible toward silver carp load, which represented 96% of total fish load.
Biomass Removal in the Control Pond
The biomass of the control pond influent was dominated by phytoplankton, with a small amount of zooplankton and organic particles. The main species and groups were Micractinium pusillum, ciliates and rotifers. This biomass was a great enrichment to the fish pond as a consequence of plankton multiplication (Table 4 ). The mud deposited during the 7 months was 6.5 m 3 and there was frequent flocculation. According to Table 4 and equation 1, the mean of the plankton biomass added by plankton multiplication was 211.3 g m -3 day -1 .
Biomass Removal in the Fish Pond
The biomass concentration decreased from 3 g L -1 in the inflow to 1.6 g L -1 in the fish pond (Table 5) , and in dry weight (TSS) from 211 to 112 mg L -1 (Table 1) . This biomass was dominated by phytoplankton. According to Table 6 , it represented 99.95% of total plankton, with very low proportions of zooplankton and organic particles. Biomass and plankton concentrations were not correlated (p > 0.05). The net load of total biomass removed from the fish pond was 285 g m -3 day -1 and 322 g kg -1 of fish day -1 , with a removal rate of 47% (Table 5 ). The phytoplankton and zooplankton concentrations decreased from 6 × 10 8 cells L -1 and 7.5 × 10 5 bodies L -1 , respectively, in the inflow to 2.6 × 10 8 cells L -1 and 3 × 10 5 bodies L -1 , respectively, in the fish pond (Table 6 ). The phytoplankton net load removed from the fish pond was 5.6 × 10 10 cells m -3 day -1 and 7 × 10 10 cells kg -1 of fish day -1 , with a removal rate of 64% but the zooplankton net load removed from the fish pond was lower ( Table 6) .
Results of plankton species and removal yields in the fish pond are summarized in Table 7 . Phytoplankton, which varied in size from 45 to 100 µm, was dominated by colonial species. In the inflow, Micractinium pusillum was dominant in May and June, and replaced in dominance by Microcystis in July. Euglena was present only in July and at low concentrations. In the fish pond, Micractinium was dominant during May and June while Microcystis occurred at equal proportions with Euglena during July. Other species were present in the inflow or in the fish pond, always at negligible concentrations (Scenedesmus, Actinastrum, Navicula, Closteriopsis, Chlorogonium). The higher removal load yields were noted just for Micractinium and Microcystis (6 × 10 10 cell m -3 day -1 , 4.4 × 10 10 to 9.6 × 10 10 cell kg -1 of fish day -1 and 68 to 92%). Zooplankton was mainly represented by ciliates sized 50 to 100 µm in May and by rotifers sized 200 to 400 µm during June and July (Table 7) . The higher removal load yields occurred in May for ciliates and during June and July for rotifers.
Sediment was absent from the fish pond. Biomass and plankton concentrations in the bottom samples were 1.8 g L -1 , 3 × 10 8 cells L -1 and 10 5 bodies L -1 , respectively.
Silver Carp Intake Rates and Digestive Tract and Feces Contents
The biomass intake rate by silver carp usually varied from 388 to 634 g kg -1 of fish day -1 with a mean rate of 616 g kg -1 of fish day -1 (Table 5 ). The phytoplankton and zooplankton intake rates by silver carp were 1.6 × 10 11 cells kg -1 of fish day -1 and 2 × 10 8 bodies kg -1 of fish day -1 , respectively ( Table 6 ). The wet weight and length of the silver carp digestive tract increased from May to July, with an increase of intestine index from 3 to 4.3, while the specific intestine weight and gut contents biomass decreased from 9 to 5 and from 85 to 48 g kg -1 of fish weight, respectively 194 Berday et al. ( Table 8 ). The gut contents biomass was dominated by phytoplankton (99.95%), with very low proportions of zooplankton. A significant amount of organic particles was present, but they were difficult to count. Gut contents biomass and plankton densities were not correlated (p > 0.05). Phytoplankton densities were variable and higher than zooplankton, with a mean of 9 × 10 7 algal cells g -1 of gut contents and 5.5 × 10 9 algal cells kg -1 of fish (Table 8 ). The phytoplankton composition change in the gut contents was the same as in the influent (Table 7) . Micractinium was dominant during May and June and Microcystis during July. Ciliates were dominant in May and rotifers during June and July (Table 7) . Daphnia (Cl. Crustaceae) eggs were present only in May with a density of 2 × 10 3 eggs g -1 of gut contents. The index of electivity remained very low for total phytoplankton (10 -3 ), low or negative for Micractinium and Euglena, high for Scenedesmus and Actinastrum, and very low or negative for zooplankton ( Table 7) . The percentage of algal lysed cells in the gut contents was less than 1% for Micractinium and 25% for Scenedesmus and no Euglena lysed cells were observed. The percentage of Microcystis partially lysed colonies was 20%. The percentage of ciliate lysed cells was high (70%), and all rotifers (eggs and bodies) were in a ground state but Daphnia eggs were intact.
Phytoplankton density of silver carp feces was higher than the gut contents (3 × 10 8 to 7.7 × 10 9 cells g -1 w.w. feces, dominated by Micractinium in May and June and by Microcystis) in July (Table 9) . A small amount of Euglena was found in the feces and Scenedesmus was absent. Few zooplankton were present in feces, exclusively represented by ground rotifers and intact Daphnia eggs (Table 9 ).
Discussion
Fish Production
The silver carp in the fish pond receiving HRPTS effluent had a significant survival rate, demonstrating that this species of fish can thrive in difficult conditions (such as this effluent). The concentrations of unionized ammonia and nitrites, which were higher than the recommended values for safe cultures (0.41 mg L -1 N-NH3 [Bartone et al. 1988 ] and 0.03 mg L -1 N-NO2 - [Meade 1989 ]), were not the primary problem in this system. Rather, a possible DO depletion in the early morning due to heavy biological demand by fish, bacteria and algae, could compromise this practice. Such is the case of silver carp mortality on June 3 due to a decrease to 1 mg L -1 of DO concentration at night, as a result of a high increase in fish biomass. This system should therefore be carefully monitored and it necessitates rigorous control of the fish loading and the mechanical oxygenation at night. Grass carp production was compromised by the initial load being highly reduced by mortalities caused by Saprolenia infection during the acclimation period. The low growth rate of the fish, with a low survival rate during the study period, showed that it was more sensitive to the physical and chemical factors of the HRPTS effluent. Insufficient variety in diet could also be a cause, because the filamentous Cyanophycea were the only plant matter available in the fish pond.
Biomass Removal
Silver carp digestive tracts were largely dominated by phytoplankton with very small amounts of ciliates and rotifers. This showed that silver carp consumed the biomass available in the fish pond and maintained an omnivorous/phytoplanktivorous diet. The similarity in the plankton composition of the fish pond and silver carp gut contents proved that the fish filtrated and ingested all plankton species available in this effluent (Vyboronov 1989; Domaison and Devaux 1999) . This good retention was facilitated by the large size of the plankton, which was sufficient to be retained by the gill (>10 µm) (Cremer and Smitherman 1980; Vörös et al. 1997) . This was particularly true of Micractinium pusillum which has very long silks and rotifers. The most amorphous particles in Scen.
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(1) the silver carp digestive tract resulted from digestion because they were less concentrated in the inflow and the fish pond. Grass carp are not filter-feeding fish, so they had no effect on plankton intake. Plankton intake by silver carp was the primary factor acting on plankton removal in the fish pond. According to the results obtained in the control pond, the biomass added to the pond by plankton multiplication, mainly due to primary productivity, was high (approximately 211 g m -3 day -1 ) and was accompanied by an important sedimentation and flocculation process. The introduction of silver carp in the pond prevented mud development and allowed for the reduction of plankton. Several authors confirmed the consumption of the deposit by silver carp (Barthelmes and Jalnichen 1978; Opuszunski 1979; Bitterlich 1985b ). The settled particles were stirred by fish agitation, so could be reused as food by silver carp (Malecha et al. 1981; Bardach 1997) . The significant removal of biomass from the fish pond (285 g m -3 day -1 , 322 g kg -1 of fish day -1 and 47%) was mainly due to the high removal of phytoplankton (5.6 × 10 10 cells m -3 day -1 , 7 × 10 10 cells kg -1 of fish day -1 and 64%). The removal load of zooplankton remained low because of its low amount in the inflow. The very large biomass intake rates by silver carp (616 g kg -1 of fish day -1 and 1.6 × 10 11 algal cells kg -1 of fish day -1 and 2 to 3 times higher than the removed load in the fish pond) proved the high grazing capacity of silver carp. The difference between removal in the fish pond and the silver carp intake rate is due to the process of consumption being thwarted by plankton multiplication and by a supply of intact algal cells in silver carp feces. The effect of grass carp defecation processes was negligible because its load was lower than silver carp. Silver carp biomass intake rate in the fish pond was higher than the values of 100 to 200 g kg -1 of fish day -1 reported by Li (1991) . This difference could be attributed to the high amount of biomass available in the fish pond. The plankton removal by fish resulted in a fish pond concentration of biomass, phytoplankton and zooplankton of 1.6 g L -1 , 2.6 × 10 8 cells L -1 and 3 × 10 5 bodies L -1 , respectively. The TSS in the fish pond were reduced from 211 to 112 mg of dry weight L -1 , but remained largely higher than the water quality guidelines value of 30 mg L -1 (Public Law, 95-217 in Mc Donald 1987) . The fish pond should, therefore, be monitored more closely for the increase in fish load, or in the length of retention time and for the use of adequate techniques to remove fish feces from the pond (Opuszynski et al. 1994) . The loads of biomass and plankton removed from the fish pond and silver carp intake rate increased with the increase in the inflow load. The effect of temperature on the change of these parameters was not important because its variation during the study period was low (26 ± 3ºC). The pond flow rate acted indirectly on the removal by influencing the inflow load. The weight of plankton biomass was not correlated to plankton concentration because the qualitative composition of plankton in the inflow and the fish pond (species and size) changed during the study period.
Silver Carp Diet
The progressive increase in the intestine length and index were related to fish growth. The intestine index that reached 4.3 for 22-cm long fish (6 months) tended towards the value of 6, characterizing two-year-old phytoplanktivorous fish (Bitterlich 1985a) . The index increase allowed for the increase in intestinal transit time and therefore enhanced the fish digestibility (Bitterlich 1985a) . The increase in the weight of gut contents during the study period was attributed to the increase of food intake by silver carp, as a consequence of an improvement in filtration activity of the fish further to the growth of the gill apparatus (Hampl et al. 1983) . This related to the body growth of the fish, which was particularly important in the fish when at a juvenile stage. The important specific intestine weight (or gut contents biomass) and growth rate of silver carp (0.64 to 1.8 g day -1 ) resulted in high feeding activity and good food conversion by the fish. The decrease in specific intestine weight during the study period was due to the improvement of food conversion during the fish growth. The gut contents biomass and plankton density were not correlated for the same cause as for the fish pond plankton biomass. The low or negative electivity index of phytoplankton and zooplankton by silver carp indicated that there was no selectivity for these two groups and that they were retained passively by the fish. The most eliminated species in the fish pond and the most dominant in the fish gut contents were the most concentrated in the influent (Micractinium and Microcystis). The fish retained the higher concentrated species (Sparatu and Gophen 1985) . Also, there was no selectivity for Micractinium, Microcystis or Euglena. The high value of Scenedesmus and Actinastrum electivity indices was linked to their large size, which permitted good retention by the gill apparatus. Their low concentration allowed them to disappear rapidly from the pond.
The digestibility of algae by silver carp is a very important parameter acting on phytoplankton removal from the HRPTS effluent. It determines the amount and the quality of feces produced by the fish. Feces constitute a supply of biomass in the fish pond and contribute to a decrease in plankton removal yields. According to Bitterlich and Gnaiger (1984) , the digestibility of algae by silver carp is low, because of the lack of a sufficient amount of cellulase in the fish gut. But the significant algal removal that occurred in the fish pond and the high growth rate of silver carp when feeding on the HRPTS effluent biomass (which was highly dominated by phytoplankton), allowed the authors to conclude that phytoplankton was well used as food by silver carp. This fish has specialized pharyngeal teeth (Robison and Buchanan 1988) that can grind phytoplankton, and a longer intestinal transit time (8 to 10 h) (Domaison and Devaux 1999) that leads to an increase in algal digestibility. The low proportions of Micractinium lysed cells in the fish gut could be explained by its high density in the gut which diluted lysed cells. Micractinium digestibility should be confirmed by in vitro digestion testing. The presence of 25% of Microcystis lysed colonies in the gut contents proved that this algae was digested by silver carp. Microcystis digestion by silver carp was confirmed by Vörös et al. (1997) , with a digestive efficiency of 33% (Hamada et al. 1983 ). Vörös et al. (1997) confirmed also a decrease of Euglena biomass of 40% when incubated with silver carp gut juice, but no lysed cells were found in the gut contents. The percentage of Scenedesmus lysed cells in silver carp gut contents was 25%. However, the lack of this genus in the feces indicated that it was well digested by silver carp. The same observation was made by Kajak et al. (1977) , with a digestive efficiency of 45.7% (Hamada et al. 1983) .
The important ciliate lysis that occurred in the gut and their absence in feces indicated that they were well digested by silver carp. The quasi-totality of rotifers were hardly ground and digested by silver carp. Bitterlich and Gnaiger (1984) demonstrated that contact of rotifers with the intestinal juice caused a fast lyse of rotifers. Daphnia eggs were not digested by silver carp, so the quantity in the feces was high. The increase of plankton density in feces was a consequence of a compression of gut contents during intestinal transit. The feces contribution to the plankton supply in the fish pond was significant (3 × 10 8 to 8 × 10 9 algal cells g -1 of feces), but Opuszyunski (1994) noted that fecal algae are in a degradation stage that easily permitted their decomposition by bacteria.
Conclusion
The use of silver carp to reduce plankton in a HRPTS effluent is an efficient practice, but could be limited by unsuitable physical and chemical conditions of the effluent, particularly nighttime DO depletion. Therefore, the fish pond should be monitored carefully.
The silver carp intake rate reached 616 g of biomass kg -1 of fish day -1 , 1.6 × 10 11 algal cells kg -1 of fish day -1 and 2.1 × 10 8 zooplankton bodies kg -1 of fish day -1 and permitted biomass removal from the HRPTS effluent of 285 g of biomass m -3 day -1 , 322 g of biomass kg -1 of fish day -1 and 
